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The first in vivo investigation of Zn-based biodegradable metal aiming to treat osteoporotic bone fractures, a
soaring threat to human health, is reported in this paper. Among the newly developed biodegradable metal
system (ZnLiSr), Zn0.8Li0.1Sr exhibits excellent comprehensive mechanical properties, with an ultimate tensile
strength (524.33 + 18.01 MPa) comparable to pure Ti (the gold standard for orthopaedic implants), and a
strength-ductility balance over 10 GPa%. The in vitro degradation tests using simulated body fluid (SBF) shows
that Zn0.8Li0.1Sr manifests a uniform degradation morphology and smaller corrosion pits, with a degradation
rate of 10.13 + 1.52 pm year '. Real-time PCR and western blotting illustrated that Zn0.8Li0.1Sr successfully
stimulated the expression of critical osteogenesis-related genes (ALP, COL-1, OCN and Runx-2) and proteins.
Twenty-four weeks’ in vivo implantations within ovariectomized (OVX) rats were conducted to evaluate the
osteoporotic-bone-fracture-treating effects of Zn0.8Li0.1Sr, with pure Ti as control group. Micro-CT, histological
and immunohistochemical evaluations all revealed that Zn0.8Li0.1Sr possesses a similar biosafety level to, while
significantly superior osteogenesis-inducing and osteoporotic-bone-fracture-treating effects than pure Ti. ZnLiSr
biodegradable alloys manifest excellent comprehensive mechanical properties, good biosafety and osteoporotic-
bone-fracture-treating effects, which would provide preferable choices for future medical applications, especially
in load-bearing positions.

as pelvic and femoral ones, are linked with a higher morbidity and
mortality, which would severely affect the patients’ life quality, usually

1. Introduction

Osteoporosis, one of the most common skeletal diseases [1], is
growing into a huge problem with the global population aging becoming
increasingly grim. It is anticipated that by 2050, the elderly people (65
years old or over), for the first time in human history, would outnumber
the adolescents and youth (15-24 years old) [2]. Inevitably, more and
more medical resources would be put into treating diseases typically
related with an older population, including osteoporosis and its suc-
cessive bone fractures. Some kinds of osteoporotic bone fractures, such

* Corresponding author.

depriving their ability to live independently and leaving their mental
health to a very stressful status [3,4].

For the treatment of bone fractures, metallic biomaterials are widely
used [5]. Nonetheless, traditional non-degradable metals, like titanium
and stainless steel, have displayed insurmountable disadvantages, such
as inducing chronic inflammatory reactions [6], demanding a secondary
surgery to be removed after the treatment, etc. [7]. During the bone
healing process, a typical problem well known as stress-shielding
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frequently emerges due to the excessive load-carrying by the implants,
which would deprive the bone of the stress necessary to restore its
strength, entailing a high risk of re-fractures in later days [8]. Hence, an
ideal metallic biomaterial for orthopaedic treatments should be biode-
gradable, which means it should not only completely dissolve without
residues as soon as the tissue heals [5], but also gradually reduce its
mechanical strength, transferring enough load to the bone to help it
regain strength [8]. This desire for ideal biodegradable metals in or-
thopaedics have already intrigued many researchers. Up to now, there
have been mainly three alloy systems being investigated as biodegrad-
able metals, including the Fe alloy system, Mg alloy system and Zn alloy
system. Among these systems, Fe alloys’ intrinsic ferromagnetic prop-
erties render them unsuitable to cooperate with MRI, a commonly used
inspecting medical means. In addition, their over-slow degradation rates
and over-high Young’s modulus cannot satisfy the clinical requirements
in orthopaedics [5,9]. Mg alloys, on the other hand, cannot provide
high-enough strength for load-bearing usages. Besides, during Mg al-
loys’ degradation, there would inevitably produce hydrogen bubbles
which may retard the normal healing process of tissue [10,11].

Recently, Zn alloys have become the star of biodegradable materials
researches. Zn is an indispensable element in bone metabolism [12], and
Zn alloys don’t exhibit the aforementioned disadvantages of Mg alloys
or Fe alloys. However, the low mechanical properties, unsatisfactory
degrading behaviors and cytotoxicity of pure Zn still cannot fulfill the
standards of ideal biodegradable metals [13]. Consequently, it becomes
necessary to improve the Zn alloys’ performances [14]. In previous
studies, alloying elements including Li [15-18], Mg [11,19,20], Sr [19],
Ca [19], Mn [21-23], Fe [24], Cu [25,26] and Ag [27,28], have been
introduced into developing Zn alloys, among which element Li have
brought the most significant improvement in Zn alloys’ mechanical
behaviors [17], laying a good foundation for further optimization.

To improve ZnLi alloys’ performances, element Sr was introduced
into the alloy system. Sr is an essential element participating in the
regulations of bone remodeling process [29]. Drugs containing Sr, such
as strontium ranelate, have proved effective in preventing and treating
osteoporotic bone fractures [30]. Sr element has been widely used in
modifying biomaterials, such as 45S5 bioglass® [31], hydroxyapatite
(HA) [32], and titanium implants [33]. Sr is also an important alloying
element used in the development of biodegradable metals. Previous
researches, such as MgSr [34-36] and ZnSr alloys [19], have already
shown that Sr could improve the mechanical properties, biosafety as
well as adjust the alloys’ degrading properties. Therefore, Sr becomes a
reasonable choice when a third alloying element was sought for the ZnLi
alloys.

In this work, a novel ZnLiSr alloy system was developed through
micro-alloy method. The target biodegradable metal should both satisfy
the clinical requirements in practice and help to treat osteoporotic bone
fractures. The microstructures, mechanical properties and degradation
properties of ZnLiSr alloys were carefully studied. Then experiments
evaluating the alloys’ biosafety both in vitro and in vivo were conducted.
Through researches in vitro, ZnLiSr alloys exhibited superb compre-
hensive mechanical properties with a strength-ductility balance over 10
GPa%, and excellent physiological properties compared to the control
groups (pure Zn and Zn0.8Li). Through researches in vivo, Zn0.8Li0.1Sr
manifested significant osteogenesis-inducing and osteoporotic-bone-
fracture-treating effects compared to pure Ti, which is recognized as
the gold standard for orthopaedic applications nowadays. In a word,
Zn0.8Li0.1Sr alloy exhibits promising potentials to serve for patients
with osteoporotic bone fractures, supplying preferable choices for
medical applications in the future.

2. Materials and methods
2.1. Materials preparation

The ZnLiSr alloy system and control groups (pure Zn and Zn0.8Li)
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were prepared using high-purity Zn(99.99%), Li(99.95%) and Sr
(99.99%) metals according to each alloy’s composition, as listed in
Table 1. Firstly, the pure metals were melt at 540 °C. Then the mixture
was cast into cylindrical shape. All the as-cast alloys were prepared in
Hunan Rare Earth Metal Material Research Institute. Then the as-cast
alloys were extruded into bars at a temperature of 210 °C with an
extrusion ratio of 16:1. Then different specimens were wire-cut from the
extruded bars according to different tests’ requirement. Disk-like spec-
imens used for microstructure analyses, in vitro degradation tests, elec-
trochemical tests and in vitro biosafety tests were cut perpendicular to
the extrusion direction, with a dimension of ®10 x 2 mm®. All speci-
mens were mechanically polished, rinsed by ethanol and acetone, and
dried in the air.

2.2. Microstructural characterization

The metallographic structures of the alloys were obtained using an
optical microscope (BX51 M, Olympus). Before the observation, samples
were polished through a series of sandpapers (400#, 1200#, 2000#,
5000# and 7000#) to obtain smooth surfaces without scratch. Then the
samples were etched in 4% natal, rinsed with ethanol, and dried in the
air. Both as-cast and as-extruded samples were observed. The phase
compositions of the as-extruded samples were detected using an X-ray
diffractometer (XRD DMAX 240, Rigaku) equipped with Cu Ka radia-
tion, at a rate of 4°/min.

2.3. Mechanical tests

Specimens for tensile tests were prepared according to ASTM-ES8-
04a. The tensile tests were conducted on a universal material testing
machine (Instron 5969, USA). The displacement rate was set at 1 x 1074
s~1. The yield strength (YS), ultimate tensile strength (UTS) as well as
ductility (8, calculated as the elongation of the sample after tensile test)
were measured. Vickers hardness tests were conducted via a micro-
hardness tester (SHIMADZUHMV-2t), with a loading force of 0.1 kN and
a duration of 15s.

2.4. Invitro degradation tests

2.4.1. Electrochemical tests

A three-electrode cell system was employed for the electrochemical
test, with a platinum electrode as counter electrode (CE), a saturated
calomel electrode (SCE) as reference electrode (RE), and samples being
tested as working electrodes (WE). Simulated body fluid (SBF) solution
was chosen as the filling solution in the cell system. The composition of
SBF [37,38] is: NaCl 8.035 g L™}, NaHCO5 0.355 g L™, KC1 0.25 g L™},
K>HPO4-3H,0 0.231 g L™, MgCly-6H,0 0.311 g L%, HCl (36-38%) 39
mLL™}, CaCl;0.292 g L™, NayS040.072 g L™}, Tris 6.118 g L%, and the
pH is adjusted to 7.4. All the tests were carried out using an electro-
chemical workstation (Autolab, Metrohm, Switzerland) at room
temperature.

Table 1
Analyzed compositions of the studied ZnLiSr alloys and control group.

Nominal Composition (wt.%) Analyzed Composition (wt.%)

Li Sr Zn
Zn0.8Li 0.79 N/A Balance
Zn0.1Li0.1Sr 0.10 0.10 Balance
Zn0.1Li0.4Sr 0.10 0.42 Balance
Zn0.1Li0.8Sr 0.11 0.84 Balance
Zn0.4Li0.1Sr 0.38 0.09 Balance
Zn0.4Li0.4Sr 0.40 0.39 Balance
Zn0.4Li0.8Sr 0.79 0.83 Balance
Zn0.8Li0.1Sr 0.85 0.13 Balance
Zn0.8Li0.4Sr 0.85 0.42 Balance
Zn0.8Li0.8Sr 0.75 0.73 Balance
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2.4.2. In vitro degradation tests

For the in vitro degradation tests, five parallel samples of each group
were used. According to ASTM-G31-72, in this study the solution to area
ratio was set at 20 mL cm™2. The samples were immersed in SBF solu-
tions at 37 °C for 90 days (=12 weeks). The solution was refreshed when
there emerges precipitates in the solution, in case they may interfere
with the degradation process. The pH values of the discarded solution
were measured at the same time.

After the in vitro degradation tests, samples were rinsed with
deionized water and dried in the air. Samples were analyzed with an X-
ray diffractometer (XRD) to get the crystal structure of the degradation
products. An SEM (S-4800, HITACHI, Japan) equipped with EDS was
employed to get the microscopic images as well as chemical composi-
tion. FTIR method was applied to detect the characteristic chemical
groups.

After the analyses, a solution containing 200 g/L CrOs was used to
clean all the degradation products. Before and after the cleaning, the
degradation morphology of the samples were imaged both at macro-
scale (using a 2.5 dimensional high precision imaging instrument) and
under SEM. The weights of samples before and after the degradation
process were measured. Based on the weight loss method, degradation
rates could be calculated according to this equation: C = Am/(p x A x
T), where C is the degradation rate (mm/year), Am is the weight loss (g),
p is the density of materials, A is the surface area of samples, and T is the
duration of in vitro degradation tests.

2.5. Invitro biosafety tests

2.5.1. Cytocompatibility tests

Osteoblast precursor cell line (MC3T3-E1, ATCC CRL-2594™) was
selected to conduct the cytotoxicity tests and to evaluate the
morphology of cytoskeleton. Prior to the tests, MC3T3-El cells were
cultured in alpha-minimum essential medium (a-MEM) with the addi-
tion of 10% fetal bovine serum (FBS) and 1% penicillin-streptomycin.
The extracts of alloys were prepared using cell culture medium, with a
volume (of medium) to area (of sample surface) ratio at 1.25 mL cm ™2,
The procedure lasted for 24 h, at 37 °C in a humidified atmosphere with
5% CO3. Then the supernatant was centrifuged and kept at 4 °C before
using.

MC3T3-E1 cells were seeded in 96-well plates at a density of 3 x 10*
cells per well. Twenty-four hours later, in each well the culture medium
was replaced with 100 pL of 100%, 50% and 10% sample extracts,
respectively. Culture medium was chosen as negative control, and cul-
ture medium added with 10% dimethyl sulfoxide (DMSO, Invitrogen,
USA) as positive control. After 1, 2, and 4 days’ incubation, extracts (or
culture medium in the control group) were refreshed with new culture
medium, added with 10 pL of Cell Counting Kit-8 (CCK-8, Dojindo
Molecular Technologies, Japan) per well. After 1 h’s incubation in the
cell incubator, a microplate reader (Bio-RAD680) was used to measure
the optical density value (OD value) at the wavelength of 450 nm. For
each group, at least five parallel measurements were taken.

2.5.2. Cell morphology evaluation

Cytoskeletal staining method using DAPI and FITC (Sigma-Aldrich,
Germany) was applied to evaluate the cell morphology. Based on the
results on CCK-8 tests, MC3T3-E1 cells cultured in 50% extracts for 24 h
were studied. The stained cells were observed through a confocal laser
scanning microscope (A1R-Si, Nikon, Japan).

2.6. In vitro osteogenic differentiation tests

2.6.1. ALP staining and quantitative analysis of ALP activity

MGC3T3-E1 cells were seeded in 6-well plates at a density of 6 x 10*
per well (3 x 10* mL_l, 2 mL per well). After been incubated for 24 h in
the cell incubator, and the cell fusion reached 80%, the cell culture
medium was replaced with extracts of each group. Based on the results
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of previously mentioned tests, Zn0.8Li0.1Sr extract was chosen as
experimental group, a-MEM as well as extracts of Zn0.8Li and pure Zn
were chosen as control groups. During the incubation, the extracts (or
a-MEM) were refreshed every 48 h. For each group, three wells were
used. After 7 days and 14 days of being differentiation-induced, the
extracts were discarded and the plates were rinsed gently with PBS for
three times. The alkaline phosphatase (ALP) activity of MC3T3-E1 cells
was then quantitatively evaluated using the ALP Quantitative Analysis
Kit (Nanjing Jiancheng Bioengineering Institute, China). MC3T3-E1
cells cultured for 14 days following the same differentiation-inducing
procedure were stained using the ALP Staining Kit (Shanghai Hon-
ggiao Lexiang Institute of Biomedical Products, Shanghai, China) and
then observed using an optical microscope (Olympus Co., Ltd., Tokyo,
Japan).

2.6.2. Osteogenesis-related gene expression studies

Real-time PCR method was applied to illustrate the expression
mechanism of osteogenesis-related genes in MC3T3-E1 cells. Cells were
seeded and cultured in the same way as ALP tests. Based on the ALP
activity results, extracts were diluted to 50% and 25% as to prepare the
osteogenic induction solution. The entire induction process lasted for 10
days, with culture medium refreshed every 48 h. Subsequently, the
mRNA expression levels of four marker genes: alkaline phosphatase
(ALP), collagen type 1 (COL-1), osteocalcin (OCN) and Runt-related
transcription factor 2 (Runx-2), were measured. Firstly, total RNA was
extracted using RNeasy Mini Kit (Qiagen). Secondly, 1 mg RNA was
reversed using a Reverse Transcription Kit (SuperScript™ III Reverse
Transcriptase). The primer sequences are as shown in Supplementary
Table 1. Thirdly, using the SYBR Premix Ex Taq II (2 x ) as PCR reagent,
the real-time PCR was conducted on a ABI 7500 Fast machine (Applied
Biosystems, Countaboeuf, France), under the conditions as-followed:
95 °C 30s; 95 °C 5s 4+ 60 °C 40s, 40 cycles; dissolution curve, 95 °C
15s + 60 °C 60s + 95 °C 15s. Finally, the results were calculated through
the 2722€T method, where AACt = (average Ct value of target gene in
the test group — average Ct value of internal reference gene in the test
group) — (average Ct value of target gene in the control group —average
Ct value of control group).

2.6.3. Western blotting

Western blotting method was applied to measure the protein
expression levels of ALP, COL-1, OCN and Runx-2. MC3T3-E1 cells were
incubated following the same process as aforementioned, in extracts
diluted to 50% for 10 days. Then cells were taken off the plate using a
cell scraper, ice-bathed for 30min, and centrifuged at 12000 rpm for
10min. And the supernatant was collected as total protein. Specific
primary antibodies against ALP, COL-1, OCN, Runx-2 and p-actin (as
loading control) were diluted to 1:1000, and secondary antibodies were
diluted to 1:7000, by TBST buffer respectively. The membranes were
first incubated with primary antibodies at 4 °C overnight, and then with
secondary antibodies at room temperature for 60min. The signals were
detected using an Enhanced ChemiLuminescence Kit (ECL, Simuwubio,
Shanghai, China).

2.7. In vivo osteoporotic-bone-fracture-treating studies (an OVX rat
model)

2.7.1. Implants preparation

Based on the results of aforementioned in vitro studies, Zn0.8Li0.1Sr
was selected as the candidate for further in vivo investigation. As to the
selection of control group, pure Zn and Zn0.8Li alloy were first taken
into consideration. However, their relatively poor mechanical strength
and disappointing biocompatibility have already demonstrated them
unideal for clinical usages, which means choosing them as control
groups is meaningless for medical applications. Therefore, pure Ti, the
gold standard material for orthopaedic repairs, was selected as control
group. Both as-extruded Zn0.8Li0.1Sr and commercial pure Ti were
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prepared into intramedullary nails in the shape of cylindrical rods (® =
1.5 mm, Height = 60 mm), with ends sharpened to facilitate the im-
plantation procedure.

2.7.2. Procedures of animal model establishment

In order to explore the efficacy of Zn0.8Li0.1Sr alloy on treating
osteoporotic bone fractures, an ovariectomized (OVX) rat model, which
is considered the most popular animal model for osteoporotic bone
fractures researches [39], was established. The entire procedure of an-
imal model establishment is as shown in Fig.S1. First, 45 female
Sprague-Dawley rats aged 12 weeks old, with an average weight of 283
+ 10.5 g, underwent ovariectomy in accordance with previous protocol
[40]. Ten rats randomly chosen from the same batch underwent no
surgery, acting as a blank control group. Twelve weeks later, Micro-CT
was employed to check the establishment of OVX rat model, by
comparing the indices between the OVX group and the blank group.
After confirming the OVX rat model has been successfully established,
the implantation was carried out. Firstly, the rats were anesthetized by
intraperitoneally injecting ketamine (10 mg/kg, Shanghai Ziyuan
Pharmaceutical Co., Ltd, Shanghai, China) and 2% xylazine (5 mg/kg,
Bayer, Leverkusen, North Rhine-Westphalia, Germany). Each rat’s right
hind limb was fixed (at a flexed position), shaved and depilated. After
that, an incision about 2 cm long was introduced parallel to the femur.
Then, the fascia was cut open, the muscles were bluntly separated along
the intermuscular spatium, exposing the middle part of the femur. Using
a medical saw, a fracture was created on the femoral shaft transversely.
Then the femur was internally fixed using the aforementioned intra-
medullary nails made of Zn0.8Li0.1Sr or pure Ti, respectively. The
fracture lines were placed carefully in good alignment. Among the rats,
20 were implanted with Zn0.8Li0.1Sr nails, and 20 were implanted with
pure Ti nails as control group. Then the wound was carefully closed
layer by layer, and each rat was given an X-ray scan to check the situ-
ation of surgery. Subsequently, each rat was injected with a 0.3 mg/kg
dose of buprenorphine (Temgesic, Reckitt &Cloman, Hull, UK) as post-
operative analgesia. The rats were then carefully reared until next pro-
cedures. All the operations and experiments related to animals had been
ratified by the Animal Ethics Committee of Shanghai Rat & Mouse
Biotech Co., Ltd.

2.7.3. X-ray observation and micro-computed tomography (Micro-CT)

To evaluate the conditions of implantation, 10 rats of each group
were selected for analyses by 12 weeks and 24 weeks after the surgery,
respectively. First, X-ray scanning was employed to evaluate the healing
conditions of the fracture. Then the rats were sacrificed, whose right
hind femurs were explanted and fixed with 4% paraformaldehyde. The
femurs were then given a scan through Micro-CT (Scanco Micro-CT100,
Switzerland). Subsequently, 3D reconstruction (Scanco p100 evaluation
software) was performed to evaluate the healing conditions of the bone
and the biodegradation of the implants. Region of interests (ROI) were
defined as the circular bone tissue around the intramedullary nails
within 0.5 mm. Quantitative analyses of the osteogenesis indices,
including BMD (Bone Mineral Density), BV/TV (Percentage of Bone
volume to Total volume), Tb.N (Trabecular Number), Tb.Th (Trabecular
Thickness) and Tb.Sp (Trabecular Separation) were performed for the
ROIs.

2.7.4. Histological evaluation

Following the Micro-CT scan, tissue slices were prepared, including
20 hard-tissue slices and 20 soft-tissue slices. For hard-tissue slicing
(with implants), the specimens were rinsed with water, dehydrated with
ethanol, washed with xylene, and finally embedded with methyl meth-
acrylate (MMA). The cutting direction was parallel to the femurs’ long
axis. Then slices were performed with Van Gieson staining or Paragon
staining, respectively. For soft-tissue slices (without implants), the
specimens were decalcified and then embedded in paraffin. The slices
were performed with Hematoxylin & eosin (HE) staining, Masson’s
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trichrome staining and Tartrate-resistant acid phosphatase (TRAP)
staining. Simultaneously, 4 slices of each group were performed with
immunohistochemical staining to evaluate the expression of ALP, COL-
1, OCN and Runx-2. After that, a high-resolution microscope (Olympus
Co., Ltd., Tokyo, Japan) was employed to observe and image the slices.

2.7.5. In vivo biosafety evaluation

For the experimental animals, crucial indicators including body
temperature, body weight and wound healing conditions were recorded
every day. After 24 weeks of the implantation, biological samples were
collected from both the Ti group and the Zn0.8Li0.1Sr group, to evaluate
the implants’ in vivo biosafety. Firstly, arterial blood were collected from
the rats using cardiac blood sampling method. Secondly, visceral organs,
including the heart, liver, spleen, lung and kidney of the rats were
collected, respectively. The concentrations of Zn?*, Li* and Sr?* in the
blood serum and the visceral organs were measured with an ICP-Mass
Spectrometry (ICP-MS, NexION 300A, USA). Besides, slices of the
organ tissues were prepared and performed with HE staining, and then
their pathological changes were evaluated using an optical microscope.
For each group, blood biochemistry tests were carried out. The 15
indices being examined include alanine aminotransferase (ALT), trans-
glutaminase (AST), direct bilirubin (DBIL), total bilirubin (TBIL), albu-
min (ALB), alkaline phosphatase (ALP), gamma -glutamyl
transpeptidase (I'-GT), blood urea nitrogen (BUN), creatinine (CRE),
uric acid (UA), total biliary acid (TBA), creatine kinase (CK), myocardial
band of creatine kinase (CK-MB), 1-lactate dehydrogenase (LDH-L) and
lactate dehydrogenase-1 (LDH-1).

2.8. Statistical analysis

The data were analyzed through one-way analysis of variance
(ANOVA) followed by Tukey post hoc tests. The results were presented
as mean =+ standard deviation (n > 3, independent samples). A *p-value
<0.05 was considered significant.

3. Results
3.1. Mechanical properties and microstructures

3.1.1. Mechanical properties

Fig. 1(a) shows the stress-strain curves of pure Zn, Zn0.8Li and
Zn0.8Li0.1Sr. Zn0.8Li0.1Sr exhibits a higher ultimate tensile strength
(UTS), and a lower Young’s modulus than Zn0.8Li. Fig.1(b) and Fig.52
(b) show the results of strength and ductility obtained from tensile tests.
Among the alloys being tested, the highest UTS belongs to Zn0.8Li0.1Sr
(524.33 £+ 18.01 MPa), which is almost 7 times that of pure Zn (73.06 +
4.18 MPa), and 12.4% higher than that of Zn0.8Li (466.57 + 12.82
MPa). The results suggests that the addition of Li and Sr can significantly
improve the strength of Zn alloys. The ductility (8) of Zn0.8Li0.1Sr is
24.98 + 9.68%, which represents a large improvement from that of pure
Zn (6.54%). Fig.1(c) and Fig.S2(c) show the results of Vickers hardness
tests. It can be seen that, the more Li added, the higher Vickers hardness
the alloy has. The Vickers hardness of tertiary Zn0.8Li0.1Sr (132.60 +
9.08 HV) is significantly lower than that of Zn0.8Li (173.90 + 8.60 HV),
which means the addition of Sr have brought a softening effect to the
binary Zn0.8Li alloy.

3.1.2. Microstructures

Fig.1(d) and Fig.S2(d) show the X-ray diffraction (XRD) results. The
main phases of ZnLiSr alloys are a-Zn, LiZng, and SrZn;s. Fig.1(e) and
Fig.52(e) show the microstructures of Zn alloys obtained from metal-
lographic analyses. The as-cast alloys have large grains or dendritic
structures. It can be clearly observed that the as-extruded alloys have
finer grains and river-like patterns. In alloys with a higher Sr amount
(0.4 wt% or 0.8 wt%), there still remained large grains of second phases
(about 50-100 pm) after the extrusion. While in the as-extruded
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Fig. 1. Mechanical properties and microstructures. (a) Stress-strain curves; (b) Mechanical strength and ductility; (c) Vickers hardness; (d) X-ray diffraction; (e)
Metallographic analyses. The data were expressed as mean =+ standard deviation (SD). n = 4 in panel (b); n = 10 in panel (c). *: p < 0.05.

Zn0.8Li0.18r, there exhibited only uniform river-like patterns, which
suggests that Zn0.8Li0.1Sr possess a more homogeneous microstructure.

3.2. Invitro degradation behavior analyses

3.2.1. Electrochemical tests

Fig. 2(a) shows the results of Tafel polarization tests. Zn0.8Li0.1Sr
has a higher open circuit potential (OCP) than the control groups, which
means that Zn0.8Li0.1Sr is more difficult to be corroded under the same
potential. Fig. 2(b) shows the results of impedance spectroscopy tests.
Zn0.8Li0.1Sr exhibits a larger impedance spectroscopy loop than the
control groups, which means that Zn0.8Li0.1Sr has a stronger resistance
to degradation in the SBF environment.

3.2.2. Invitro degradation tests

Fig. 2(c) shows the in vitro degradation rates calculated using weight
loss method. Zn0.8Li0.1Sr has a lower degradation rate (10.13 + 1.52
pm year 1) than that of pure Zn (12.66 + 1.00 pm year 1) and Zn0.8Li
(16.38 + 1.75 pm year’l). After the in vitro degradation tests, the
morphology of samples were studied both before and after the cleaning
of degradation products. Fig. 2(d) shows the degradation morphology
after the in vitro degradation tests in a macro scale. It can be seen that
there are more corrosion pits on the surface of pure Zn and Zn0.8Li,
while Zn0.8Li0.1Sr exhibits a much more uniform degradation
morphology. Fig. 2(e) shows the degradation morphology under SEM.
The Zn0.8Li alloy has an obviously rougher degradation morphology
and larger corrosion pits, while the surface of Zn0.8Li0.1Sr after in vitro
degradation test is relatively uniform. All these results show
Zn0.8Li0.1Sr manifests a more mild and uniform degradation behavior.

3.2.3. Chemical analyses of the in vitro degradation products

Fig. 2(f) shows the XRD results of samples after in vitro degradation
tests. The main compositions of degradation products are ZnO and
CaCOs. Fig. 2(g) shows the FTIR results of degradation products. The
main chemical groups of degradation products are H-O, CO%_, PO?(,
and Zn-O. The FTIR results further confirmed the XRD results that ZnO
and CaCOs are the main degradation products of Zn alloys in SBF.

3.3. Cytocompatibility

Fig. 3(a)-(c) shows the results of CCK-8 tests. The 100% extracts
brought about inhibition of the MC3T3-E1 cells’ activity. While in the
extracts diluted to 50% and 10%, cells manifested good growing states
compared to the negative control group (cells cultured in a-MEM). Fig. 3
(d) shows the cell morphology obtained from cytoskeletal staining.
Compared with cells cultured in a-MEM, the cells cultured in three kinds
of 50% alloy extracts showed similar shapes and spreading states, which
suggests that the as-tested 50% extracts are biologically safe for MC3T3-
El cells. Compared to the control groups, the cells number of the
Zn0.8Li0.1Sr group is higher. Besides, the cells manifested a healthier
spreading state, with larger spreading area of cells in the Zn0.8Li0.1Sr
group. This result means that Zn0.8Li0.1Sr alloy is more favorable for
the growth of MC3T3-E1 cells than pure Zn or Zn0.8Li alloy.

3.4. In vitro osteogenic differentiation

3.4.1. Quantitative analyses of ALP activity and ALP staining

Fig. 4(a)(b) display the results of ALP staining results obtained from
MC3T3-E1 cells cultured in 50% and 25% extracts, respectively. All
groups showed obviously positive staining results, suggesting that there
were massive expression of ALP in these groups. Fig. 4(d)(e) display the
ALP activity of MC3T3-E1 cells cultured in 50% and 25% extracts,
respectively. These two groups showed a significant increase of ALP
activity from 7th day to 14th day. For the 14th day’s results, the ALP
activity of Zn0.8Li0.1Sr groups are significantly higher than those of
Zn0.8Li groups. The ALP results show that the Zn0.8Li0.1Sr induced
stronger osteoblastic differentiation than the Zn0.8Li group for the
MC3T3-E1 cells.

3.4.2. Western blotting and osteogenesis-related gene expression

Fig. 4(c) displays the results of western blotting. The results reveal
that the expression levels of ALP, COL-1 of Zn0.8Li0.1Sr are higher than
those of control groups. Moreover, there exhibit distinct up-regulations
of OCN and Runx-2 in all three alloys than those of a-MEM, suggesting
that the release of ions from the alloys could activate the expression of
these typical proteins. Fig. 4(f)-(i) display the expression levels of four
critical genes relative to osteogenesis: ALP, COL-1, OCN, and Runx-2.



Z. Zhang et al.

Biomaterials 275 (2021) 120905

a b C
g 40
- 04 Pure Zinc = Pure Zinc :u:
W gl ——2znoaLi 35 e Zno.8Li S0
2 ——Zn0.8Li0.1S1 30 + ZnosL0.AST  E
.08 £ R 2
25 .
¢ o . o 215
S 10 g 2 . ., 5
= L 5 . N 0
8 12 A L eeesen,, RN S
3 14 T 3 E
L 7
o 16 0 S
0
20 -18 -16 -14 -12 10 -8 -6 -4 0 10 20 30 40 50 60 70 80 8 Pure Zn Zn0.8Li  Zn0.8Li0.1Sr
Log Current Density (A-cm?) Z' (kQ-cm?)
d Pure Zn Zn0.8Li Zn0.8Li Zn0.8Li0.1Sr

Zn0.8Li0.1Sr

After Cleaning Before Cleaning

Pure Zn

Before Cleaning

After Cleaning

a-Zn .
LiZn,
SrZny;
ZnO
CaCO;,

>o % om

Z5(300)

(110)

(200)

OF(zoz)
Absorbance (a.u.)

°
|
Zn0.8Li0.1Sr

Intensity (a.u.)

Zn0.8Li ]

Pure Zinc

«Q

Zn0.8Li0.1Sr

Zn0.8Li

Pure Zinc

0 10 2I0 3IO 4I0 5IO 6IO 7I0 8I0 QIO
2 theta (deg)

4000 3500 30IOO 25I00 20I00 1500 1000 500
Wavenumber (cm™)

Fig. 2. Electrochemistry and in vitro degradation tests. (a) Tafel polarization curves; (b) Impedance spectroscopy; (c) Degradation rates calculated through weight
loss method; (d) Degradation morphology in macro-scale; (e) Degradation morphology under SEM; (f) XRD results of degradation products; (g) FTIR results of
degradation products. The data (n = 5) were expressed as mean =+ standard deviation (SD). *: p < 0.05.

The expression levels of all these four genes in the Zn0.8Li0.1Sr group
are significantly higher than those in the other three groups, revealing
that Zn0.8Li0.1Sr alloy has up-regulated these osteogenesis-related
genes more than the control groups.

3.5. X-ray imaging and micro-CT

For the conciseness of this paper, in the later text, code names were
used to represent groups as followed: T-12 for rats implanted with pure
Ti at 12 weeks, T-24 for rats implanted with pure Ti at 24 weeks; Z-12 for
rats implanted with Zn0.8Li0.1Sr at 12 weeks, Z-24 for rats implanted
with Zn0.8Li0.1Sr at 24 weeks.

3.5.1. The healing conditions of OVX rats’ bone fractures

As the X-ray scanning results (Fig. 5(a)) and the 3D reconstruction
results (Fig. 5(c)) show, after 12 weeks of the implantation, there still
existed an obvious fracture line in the T-12 group, while the fracture of
Z-12 group was almost recovered, suggesting a better healing status in
the Z-12 than in the T-12 group. Fig. 5(b) shows the explanted femur

bones. In both the T-24 group and the Z-24 group, the fracture lines have
healed, which indicates that Zn0.8Li0.1Sr has successfully healed the
bone fracture as well as the pure Ti. Besides, in the T-24 group, there
appeared red-colored tissue among the fracture line position, suggesting
that the bone had not accomplished the whole healing process. While in
the Z-24 group, the whole bone, including the fracture line position,
exhibits a healthy appearance in the same white color.

3.5.2. Analyses of osteogenesis indices obtained from Micro-CT

Fig. 5(d) shows the quantitative analysis of 5 osteogenesis indices
obtained from Micro-CT. In each diagram, the first group of bars was the
result of OVX rat modeling verification. There exhibited significant
differences in key indices, including BMD, BV/TV and Tb.Sp, between
the blank group (black bars) and OVX group (blue bars), proving that the
OVX rat model was successfully established. After 12 weeks of the im-
plantation, three indices, including BMD, BV/TV and Tb.Th of Z-12
group are significantly higher than those of T-12 group, which means
that Zn0.8Li0.1Sr alloy caused stronger osteogenesis inducement than
pure Ti. Another index Tb.Sp of Z-12 group is lower than that of the T-12
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data (n = 5) were expressed as mean + standard deviation (SD). *: p < 0.05.

group, which means there was lower separation of trabeculae in the Z-12
group. All these data confirmed that Zn0.8Li0.1Sr induced osteogenesis
superior than pure Ti in the OVX rats. After 24 weeks of the implanta-
tion, the osteogenesis indices were all improved compared to the 12
weeks’ results, showing that in all groups the bone underwent good
healing process. The Tb.N, BV/TV and BMD of the Z-24 group are higher
than those of the T-24 group, as well as the Tb.Sp of the Z-24 group is
lower than that of the T-24 group. The 24 weeks’ results further
confirmed that Zn0.8Li0.1Sr alloy caused osteogenesis inducement
better than pure Ti.

3.5.3. In vivo biodegradation of the intramedullary nails

Fig. 5(c) also shows the reconstruction results of ROIs and the im-
plants. In the fourth row of Fig. 5(c), the metallic parts in the samples,
including the intramedullary nails as well as their biodegradation
products, were reconstructed in yellow color. It can be clearly seen that
pure Ti intramedullary nails had not been biodegraded neither in the T-
12 group nor in the T-24 group. For the Zn0.8Li0.1Sr nails, there were a
small amount of biodegradation products around the nails at 12 weeks,
and considerable biodegradation products were amassed around the
nails at 24 weeks. This revealed the Zn0.8Li0.1Sr intramedullary nails

has undergone more significant biodegradation process than the pure Ti
nails.

3.6. Histological evaluation

3.6.1. Histological evaluation of tissue hard-tissue slices

Fig. 6(a) shows the Van Gieson staining results. For the pure Ti
groups, both results of T-12 group and T-24 group showed that the pure
Ti nails remained intact during the entire implantation period, and there
existed no obvious interaction between the intramedullary nail and the
surrounding bone tissue. For the Zn0.8Li0.1Sr groups, the results of Z-12
group indicated that next to the biodegradation products there emerged
a new layer of collagen (stained into purple), which reveals that the
osteoblasts were stimulated to synthesize new collagen concomitant
with the biodegradation process of Zn0.8Li0.1Sr alloy. In the Z-24
group, the collagen tissue became thinner, while the osteoid and new
bone (stained into red) tissue became obviously thicker. These results
reveal that the Zn0.8Li0.1Sr alloy and its biodegradation products out-
performed pure Ti as to induce the synthesis of collagen which would
later grow into new bone tissue.

Fig. 6(b) shows the Paragon staining results. The Paragon staining
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method could distinguish between nuclei and cytoplasm, as well as
indicate the new bone tissue. For 12 weeks’ results, the Z-12 group
exhibited a thick layer of osteoblasts (stained into violet) close to the
intramedullary nail, while in the T-12 group there existed no obvious
osteoblasts. For 24 weeks’ results, the new bone tissue (honeycomb-like
tissue stained into pink) of the Z-24 group has apparently thickened, and
clusters of osteoblasts (the violet particles) were distributed inside the
new bone tissue. However, in the T-24 group there showed no obvious
proliferation of osteoblasts. These results reveal that the Zn0.8Li0.1Sr
alloy has superior efficacy than pure Ti as to increase the proliferation of
osteoblasts.

3.6.2. Elements distribution of hard-tissue slices

The EDS mapping results of hard-tissue slices, which display the
distribution of element C, O, P, Ca, Sr, as well as the main elements for
two groups: Ti element for the pure Ti group, and Zn element for the

Zn0.8Li0.1Sr group, are as shown in Fig. 6(e)(f). To make it clear,
element Li was not detected due to the limitation of state-of-the-art EDS
technique, which could not give precise analyses of light elements such
as H, Li and B. From the results it can be apparently seen that, for the
pure Ti groups, both the intramedullary nail of the T-12 group and the T-
24 group remained as intact as it had been just implanted. The distri-
bution of elements indicates a clear and straight boundary between the
intramedullary nail and the ambient bio-tissue, suggesting there existed
no interference between them.

For the Zn0.8Li0.1Sr groups, in the Z-12 group, the boundary be-
tween the intramedullary nail and ambient bio-tissue was still relatively
straight, suggesting that the intramedullary nail still remained intact
and was providing mechanical supports at full length then. However, in
the Z-24 group, the boundary became broken. Amid the boundary, there
manifested considerable biodegradation products. Combined with the
aforementioned results, a conclusion could be drawn as: the
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Zn0.8Li0.1Sr intramedullary nail remained relatively intact when the
bone need more mechanical support (at 12 weeks), and started to be
biodegraded at the juncture when the bone almost healed and needed
enough load to regain its strength (at 24 weeks). The EDS mapping re-
sults of element P and Ca indicate the positions where new bone tissue
formed. In Zn0.8Li0.1Sr groups, the EDS signal intensity of P and Ca are
higher than those of pure Ti groups, indicating that there had formed a
greater amount of new bone in the Zn0.8Li0.1Sr group than in the pure
Ti group.

Line scan EDS was performed for the same region of Z-24 group.
Fig. 6(g) shows the line scan direction for the slice, in which the ROI was

divided into four areas according to the EDS mapping results and
Paragon staining results. Fig. 6(h) shows the EDS line scan results. In the
Zn0.8Li0.1Sr area, the signal intensity of Zn is significantly high, while
the O, P and Ca exhibited very low intensities. In the biodegradation
products area, the signal intensity of Zn is still significantly high, while
there appeared an increase of O intensity. In the osteoid area, the signal
intensity of Zn and O rapidly decreased and the intensities of P and Ca
exhibited a tendency to increase. In the new bone area, the signal in-
tensities of Ca and P obviously increased, while the element Zn showed a
low signal intensity. The same line scan analyses were performed for T-
12, Z-12 and T-24 groups, the results are as displayed in Fig.S7. As Fig.S7



Z. Zhang et al.

12 Weeks 24 Weeks

Biomaterials 275 (2021) 120905

RUrelT

Van Gieson

o

Zn0'8Li0NISr

12 Weeks

=h

Paragon

Cortical Bone
Bone

L

Cancellous Bone Qsteoblasts
g

COL-1

VW RANKL (< OPG

Hematopoietic . @
stem cell O \'“\7;0
CaSR /@

Bone Matrix Mineralization
Osteoblasts Differggtjgtion _

- Mesenchymal
CaSR O stem cell

Q @™ Differentiation

L~ 4
Osteoclast N ® / Osteoblast
precursor RANK QD € .—\Wnt’ precursor
) QO
4 o
" )
@ ®

Q ~@ ™ Proliferation

24 Weeks

dhTiisstel
IR ——
Biedegradation
Rroducts

Py
~

e S
Zn0'SLLi0HIST

h Zn0.8Li0.1Sr Biodegradation Osteoid  New Bone
Implant Products Tissue Tissue
3
=
8 —o0
z — "
[2]
2 ‘ Ca
[] Zn
-
k=

100 150
Distance (um)

200 250

Fig. 6. Analyses of hard-tissue slices and illustrations of osteogenesis-inducing mechanism. (a) Van Gieson staining; (b) Paragon staining. (c) The gene-stimulation
mechanism by Zn?", Li* and Sr*>* in an osteoblast; (d) The influences of Zn?**, Li* and Sr®>* on bone remodeling. (e) EDS mapping of 12 weeks’ results; (f) EDS
mapping of 24 weeks’ results; (g) A colored rendering indicating the EDS line scan within the SEM image of 24 weeks’ results; (h) EDS line scan results.

(a)(b)(e)(f) show, the signal intensities of O, P and Ca are consistently
low in T-12 and T-24 groups. No clear formation of layers could be
observed.

3.6.3. Histological evaluation of soft-tissue slices

Fig. 7(a) shows the HE staining results. For 12 weeks’ results, in the
T-12 group there still remained a clear unhealed fracture line (indicated
as ROl labeled with a blue box). In the Z-12 group, there appeared newly
synthesized collagen tissue (stained into pink) around the intra-
medullary nail, and a greater number of osteoblasts emerged in this
layer. For 24 weeks’ results, firstly both the T-24 group and Z-24 group
showed no obvious fracture line, indicating a good healing state in both
groups. The thickness of femur bone in the T-24 group exhibited no
significant differences from that of the T-12 group, while there was an
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apparently enlargement of callus in Z-24 group. As the ROIs show, the
collagen once close to the intramedullary nail in the Z-12 group has
grown into new trabecular bone (the honeycomb-like tissue stained into
purple).

Fig. 7(b) shows the Masson staining results. For the 12 weeks’ results,
in T-12 group there were little newly formed collagen (stained into
blue), except in the fracture line region. However, the outer layer in the
Z-12 group comprised plenty of collagen, and thus thickening the femur
bone. For the 24 weeks’ results, in the T-24 group there formed a thin
layer of collagen. While in the Z-24 group, the callus comprised both
collagen and a high number of osteocytes (whose cytoplasm were
stained into red).

Fig. 7(c) shows the TRAP staining results. In the T-12 group, there
were plenty of osteoclasts (stained into claret) at the fracture line. While
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in the Z-12 group, there were no obvious osteoclasts. In the T-24 group,
there still existed osteoclasts in the trabeculae. However, in the Z-24
group there exhibited no evident existence of osteoclasts. These results
reveal that, in the pure Ti groups, there stimulation of osteoclasts were
considerable. While in the Zn0.8Li0.1Sr groups, the activity of osteo-
clasts were inhibited.

3.6.4. Immunohistochemical analyses

The immunohistochemical analyses of four critical indices, including
ALP, COL-1, OCN and Runx-2, are as displayed in Fig. 7(d)-(g). The
semi-quantitative analyses of immunohistochemical slides, including
positive ratios and H-scores, are as displayed in Fig.S8.

ALP is a vital marker to identify the activity of osteoblasts. COL-1 is
an essential structural component of the new bone tissue. ALP and COL-
1 were expressed mainly during the differentiation of osteoblasts [41].
As shown in Fig. 7(d) and (e), for 12 weeks’ results, there showed higher
expression of ALP and COL-1 in the Z-12 group than in the T-12 group.
For 24 weeks’ results, the expression levels of ALP and COL-1 in the
newly grown trabecular bones were also higher in the Z-24 group than in
the T-24 group. These results reveal that Zn0.8Li0.1Sr alloy promoted
osteoblast differentiation further than pure Ti.

OCN is a critical protein which was mainly expressed during the bone
mineralization [41]. As Fig. 7(f) shows, the expression level of OCN in
the Zn0.8Li0.1Sr group is higher than that in the pure Ti group both at
12 weeks and 24 weeks, indicating a better mineralization status of the
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bone matrix in Zn0.8Li0.1Sr groups than in pure Ti groups.

Runx-2 plays a key role in the regulation of osteoblast gene expres-
sions, and Runx-2 can up-regulate the expression of ALP, COL-1 and
OCN [42]. As Fig. 7(g) shows, the expression of Runx-2 were much
higher in Zn0.8Li0.1Sr groups than in the pure Ti groups both at 12
weeks and at 24 weeks. A conclusion could be drawn from all these
immunohistochemical  results  as: For the  aspect of
osteogenesis-inducing, Zn0.8Li0.1Sr alloy outperformed pure Ti for both
the differentiation of osteoblasts and the mineralization of bone matrix,
thus generating a better healing condition and a faster growth rate of
bone in animals with osteoporotic bone fractures.

3.6.5. In vivo biosafety

For the in vivo biosafety of biomaterials, systemic evaluations are
requisite [43]. Fig. 8(a) shows the histological slices of collected organs
from the sacrificed rats, including the heart, liver, spleen, lung and
kidney. The HE staining results reveal that the morphology of these
organs exhibited no obvious differences between the pure Ti group and
the Zn0.8Li0.1Sr group. Fig. 8(b) shows the ICP results measuring the
ion concentrations in the blood and the five aforementioned organs. For
Zn?*, Li* and Sr?*, there exhibited no significant differences in the
concentration levels between the pure Ti group and Zn0.8Li0.1Sr group.
The results of blood biochemistry tests are as shown in Fig. 8(c). For all
the items being tested, there exhibited no significant differences be-
tween the pure Ti groups and the Zn0.8Li0.1Sr groups, both at 12 weeks
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and at 24 weeks. All these histological and biochemical results indicate
that, as to the aspect of in vivo biosafety, Zn0.8Li0.1Sr alloy and pure Ti
were at a similar level.

4. Discussion
4.1. Mechanical properties, stress-shielding and biodegradation

Biodegradable metal has been a hot topic of biomaterials researches
since the last decade. And there have already emerged medical devices
made of biodegradable metals, such as the bone screws made of MgCaZn
[44] and MgZnYEr [45] ratified by the Korea Food and Drug Adminis-
tration (KFDA) and Conformité Européene (CE), respectively. None-
theless, the unsatisfactory mechanical properties of previously studied
biodegradable metals still failed the requirements of load-bearing ap-
plications, thus limiting their usages to a very small domain. To improve
the mechanical properties of biodegradable metals, both the strength
and the ductility should be enhanced. However, there exists an conflict
between these two properties, usually causing a dilemma where
enhancing the strength would contemporarily reduce the ductility [46,
47].

A widely accepted index that measures the comprehensive me-
chanical properties of materials is the strength-ductility balance (GPa%)
[48,491, which is the product of multiplying the strength (MPa) and the
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ductility (%). The mechanical properties of previously reported Mg al-
loys [5,34,50-56], Zn alloys [13,19,21,23,26,28,55,57-68], Fe alloys
[5,13,65,69-71] and the ZnLiSr alloys in this paper are displayed in
Fig. 9. The strength-ductility balances of most previously reported
biodegradable metals are below 10 GPa%, among which the Mg alloys
(the yellow area) have lower strength-ductility balances around only 6
GPa%. Compared to Mg alloys, Zn alloys have shown superior me-
chanical properties, among which the strength of ZnLi alloys (the blue
area) has been significantly increased. Although ZnlLi alloys exhibited
higher strength, their ductility still demands improving. In contrast to
these biodegradable metals, ZnLiSr alloys possess both improved
strength and ductility, among which the strength-ductility balance of
five alloys (Zn0.8Li0.1Sr, Zn0.4Li0.1Sr, Zn0.4Li0.4Sr, Zn0.1Li0.8Li and
Zn0.1Li0.1Sr) have surpassed 10 GPa%. The addition of Sr have signif-
icantly improved the ductility as well as the strength-ductility balance of
ZnlLi alloys. The superb comprehensive mechanical properties of ZnLiSr
alloys make them suitable candidates to be used in load-bearing
positions.

For the recovery of bone fractures, a medical implant with high
mechanical strength may play a role of two-edged sword. On the first
stage when the bone needs enough external support to repair its broken
structures, a higher strength of the medical implants could promise a
more smooth recovery process. However, after the bone has almost
healed, the task has been altered from repairing the structure to
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Fig. 9. Comprehensive mechanical properties of biodegradable metals, including Mg alloys [5,34,50-56], Zn alloys [13,19,21,23,26,28,55,57-68], Fe alloys [5,13,

65,69-71] and the ZnLiSr alloys in this paper.

regaining the strength. At that time, an implant of high-strength would
do little favor. On the contrary, it might cause the well-known trouble as
stress-shielding. Hence, an ideal medical implant should adapt its role to
the different needs of each fracture recovery stage. During the first stage,
the implant should remain intact and provide enough support to heal the
bone fractures. During the second stage, the implant should be well
biodegraded with its strength gradually reduced, letting the bone un-
dertake necessary stress to regain its strength [8]. As Fig. 1(b) shows,
Zn0.8Li0.1Sr possess an ultimate tensile strength of 524.33 + 18.01
MPa, which is comparable with the strength of commercial pure Ti
(=500 MPa) [72]. The high mechanical strength of Zn0.8Li0.1Sr sug-
gests that it can serve well in load-bearing positions, providing enough
supports for the fractured bone during the first stage. The in vivo im-
plantation results proved that, after 12 weeks of the implantation, the
Zn0.8Li0.1Sr provided good mechanical supports for the OVX rats’
femur bones.

The Young’s modulus of the implant, which has a great influence
over the activities of osteocytes [73], is another mechanical property to
be concerned. A lower modulus of the metal implant is beneficial for the
bone to avoid stress-shielding problems [72]. As Fig. 1(a) shows, the
Young’s modulus of Zn0.8Li0.1Sr was lower than that of Zn0.8Li. The
Vickers hardness (Fig. 1(c)) of Zn0.8Li0.1Sr is also lower than that of
Zn0.8Li. These results revealed that the addition of Sr has brought a
softening effect to the ZnLi alloys.

An implant with mild and uniform degradation behaviors means that
the changes in mechanical properties would be steady and the service in
vivo would be more reliable. As Fig. 2(d)(e) and Fig.S3 shows, the
corrosion pits of Zn0.8Li0.1Sr are both lower in number and smaller in
dimension than the pure Zn and Zn0.8Li. The degradation morphology
of Zn0.8Li0.1Sr is relatively smooth and uniform. Since it is the corro-
sion pits that often serve as positions for stress concentration [74], less
corrosion pits implies that Zn0.8Li0.1Sr possess a lower likelihood of
suffering from abrupt failure. Therefore, Zn0.8Li0.1Sr would be more
reliable to serve as in vivo implants than the control groups.

After the first stage of bone-fracture healing, the implants need to
reduce its mechanical strength via gradual biodegradation to achieve
closer mechanical properties with the bone [75,76]. On this stage,
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Zn0.8Li0.1Sr alloy manifested significant advantages over pure Ti. As
Fig. 5 shows, the femur bone of Z-24 group grew thicker, and the
enlargement of callus in the Z-24 group indicates that Zn0.8Li0.1Sr alloy
together with its biodegradation products have induced osteogenesis in
the femur bone of OVX rats, which is seldom seen in animals with
osteoporotic bone fractures. At the meantime, the biodegradation pro-
cess decreased the Zn0.8Li0.1Sr intramedullary nails’ mechanical
strength, transferring more necessary loads to the bone. The combina-
tion of these two functions resulted in a higher bone thickness and a
higher number of osteoblasts in the Z-24 group.

4.2. The osteoporotic-bone-fracture-treating mechanism of Zn0.8Li0.1Sr

Previous studies have elucidated the mechanism of Zn?*, Li* and

* regulating osteogenesis-related genes, including ALP, COL-1, OCN
and Runx-2, inside the osteoblasts. As shown in Fig. 6(c), during the
biodegradation of Zn0.8Li0.1Sr, Zn?*, Li* and Sr?>* were released into
the ambient marrow cavity. Low doses of these ions can increase the
expression of Runx-2 gene [77]. The expression product (Runx-2 pro-
tein) can up-regulate the expression of ALP, COL-1 and OCN [42]. ALP
and COL-1 are key participants in promoting the differentiation of os-
teoblasts and increasing the growth of new bone [78]. Zn?* together
with Runx-2 could up-regulate the expression of Osterix gene, whose
expression product is OCN [79]. OCN is a key protein for the minerali-
zation of bone matrix. Through these processes, Zn0.8Li0.1Sr and its
biodegradation products promoted the activities of osteoblasts.

Except for promoting the activity of osteoblasts and inducing the
expression of four critical genes, Zn?*, Li* and Sr?* play important roles
in the procedure of bone remodeling. As shown in Fig. 6(d), the bone
remodeling procedure consists of two parts: bone resorption by osteo-
clasts, and bone formation by osteoblasts [80]. For the bone resorption
part, firstly hematopoietic stem cell (HSC) will differentiate into osteo-
clast precursor (Pre-OC), and then Pre-OCs will proliferate into osteo-
clasts [81]. For the bone formation part, firstly mesenchymal stem cell
(MSC) will differentiate into osteoblast precursor (Pre-OB), and then
Pre-OBs will proliferate into osteoblasts. Furthermore, when osteoblasts
were embedded into bone matrix, they will grow numerous long
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dendrite which could sense the mechanical stresses and maintain the
optimal bone structure [82].

Zn" can stimulate the bone formation and inhibit the bone resorp-
tion at the same time [83,84]. Through Wnt/p-catenin pathway, Zn>*
can promote the differentiation and proliferation of osteoblasts [85].
And through NF-xB pathway, Zn?" can accelerate the apoptosis of os-
teoclasts, thus reducing the bone resorption rate [86,87]. Li" could
promote the proliferation of osteoblasts mainly through the Wnt/p-ca-
tenin pathway [77,88-90], acting as inhibitor of GSK-3p and increasing
the expression of B-catenin. Sr2* is well-known for its
osteoporotic-bone-fracture-treating functions. Sr?* has similar charac-
ters to Ca>", and thus acting as an agonist of calcium-sensing receptor
(CaSR) [91]. Sr** can promote bone formation and inhibit bone
resorption mainly in three ways. Firstly, through the CaSR of MSC, Sr2t
can promote the differentiation and proliferation of osteoblasts. Sec-
ondly, together with Zn?*, Sr?>* can stimulate the NF-xB pathway and
accelerate the apoptosis of osteoclasts. Thirdly, through the CaSR of
osteoblasts, Sr>* can increase the expression of osteoprotegerin (OPG)
and reduce the expression of the RANK ligand (RANKL) [92-94]. RANKL
is an expression product of osteoblasts and osteocytes [88], which would
stimulate the receptor activator of nuclear factor-B (RANK) on the
Pre-OCs. After the stimulation, Pre-OCs would proliferate into osteo-
clasts. OPG acts as an natural antagonist of RANKL. Through increasing
the expression of OPG and reducing the expression of RANKL, Sr%* can
indirectly retard the proliferation of osteoclasts, and thus inhibiting the
bone resorption procedure [82,88].

In this study, the mechanisms why Zn0.8Li0.1Sr could induce
osteogenesis and therefore treat osteoporotic bone fractures were
investigated both in vitro and in vivo. Firstly, the in vitro ALP tests and
real-time PCR were employed to study the induction of osteogenesis in
the MC3T3-E1 cells. Secondly, animal tests and further immunohisto-
chemical analyses were conducted to reveal the induction of osteo-
genesis in vivo. The in vitro ALP tests (Fig. 4(a)(b)(d)(e)) shows that the
expression of ALP in the Zn0.8Li0.1Sr was significantly higher than in
the Zn0.8Li group. The real-time PCR results (Fig. 4(f)-(i)) show that
Zn0.8Li0.1Sr induced higher expressions of all four genes being studied:
ALP, COL-1, OCN and Runx-2, than the control groups.

As the immunohistochemical results of slices (Fig. 7(d)-(g)) obtained
from the femur bone of OVX rats show, at 12 weeks, there were signif-
icantly higher expression of all four genes in the Z-12 group than in the
T-12 group. In Z-12 group, the highest expression of four genes emerged
in the collagen layer closest to the intramedullary nails. At 24 weeks, the
previously grown collagen layer have largely transformed into osteoid
and new bone tissue. The uniformly distributed trabeculae indicated a
healthy growth status of the femur bone. As the EDS line scan results
(Fig. 6(g)(h)) confirmed, the osteoid and new bone tissue were next
close to the biodegradation products of Zn0.8Li0.1Sr intramedullary
nail. It is reasonable to say that Zn0.8Li0.1Sr and its biodegradation
products have made a great impact on the expression of these four
osteogenesis-related genes in the femur bone of OVX rats. The X-ray
scanning results, the explanted femur bones and the Micro-CT results
(Fig. 5(a)-(c)) all confirmed that the femur bone grew better in the
Zn0.8Li0.1Sr groups than in the pure Ti groups. The histological eval-
uations of organs (Fig. 8(a)), the ion concentrations of Zn2+, Li" and
Sr?t (Fig. 8(b)) and the blood biochemistry analyses (Fig. 8(c)) all
revealed that Zn0.8Li0.1Sr can serve as safely as pure Ti in vivo. In a
word, as to biosafety, the Zn0.8Li0.1Sr performed as well as pure Ti.
While as to osteogenesis-inducing, the Zn0.8Li0.1Sr obviously out-
performed pure Ti. Through the biodegradation process and the synergic
effects of Zn®*, Li* and Sr?*, Zn0.8Li0.1Sr simultaneously promoted the
bone formation and inhibited the bone resorption. As a result,
Zn0.8Li0.1Sr significantly maintained bone mass (Fig. 5(d)), and suc-
cessfully treated the osteoporotic bone fractures.

In this paper, the bio-compatibility and biodegradation behaviors of
Zn0.8Li0.1Sr alloy was studied using OVX rats model. However, the
information that could be conveyed from one paper is very limited. The
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performances of biodegradable alloys were closely related to the sur-
rounding environment and the bone metabolism. In addition, any
changes in the buffering system, animal species and implantation posi-
tion would greatly affect the alloys’ biodegradation behaviors. To
further illustrate the biological functions and biodegradation behaviors
of ZnLiSr alloys, more researches using different models are still
demanded.

5. Conclusion

In this paper, a brand-new biodegradable metal system, ZnLiSr, was
developed and carefully investigated. Main conclusions can be drawn as
followed:

(1) ZnLiSr biodegradable metal system exhibits excellent compre-
hensive mechanical properties. In this system, Zn0.8Li0.1Sr ex-
hibits the highest ultimate tensile strength (524.33 4 18.01 MPa),
with a strength-ductility balance over 10 GPa%.

Zn0.8Li0.1Sr holds a similar biosafety level to pure Ti, while
significantly superior osteogenesis-inducing and osteoporotic-
bone-fracture-treating effects than pure Ti. Zn0.8Li0.1Sr simul-
taneously promoted the bone formation and reduced the bone
resorption through the bio-functions of Zn?*, Li*, and Sr?,
stimulating the expression of four critical genes (ALP, COL-1,
OCN and Runx-2).

Zn0.8Li0.1Sr manifests mild and uniform degradation behaviors,
with an in vitro degradation rate of 10.13 + 1.52 pm year ..

(2

—

3

In this paper, the employed means to study the Zn0.8Li0.1Sr alloy
include mechanical tests, in vitro degradation tests, cell tests, and animal
tests, etc. All these investigations verified that Zn0.8Li0.1Sr owns a
trinity of osteoporotic-bone-fracture-treating effects, good biosafety as
well as excellent mechanical properties, which would provide preferable
choices for medical applications in the future.
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